The low-energy threshold and the large detector size of Precision IceCube Next Generation Upgrade (PINGU) can make the study on neutrino oscillations with a planet-scale baseline possible. In this task, we consider the configuration that neutrinos are produced at CERN and detected in the PINGU detector, as a benchmark. We discuss its sensitivity of measuring the size of non-standard interactions (NSIs) in matter, which can be described by the parameter αβ (α and β are flavors of neutrinos). We find that the CERN-PINGU configuration improves˜ µµ ≡ µµ − τ τ and µτ significantly compared to the next-generation accelerator neutrino experiments. Most of degeneracy problems in the precision measurements can be resolved, except the one for˜ µµ ∼ −0.35. Finally, we point out that this configuration can also be used to detect the CP violation brought by NSIs. *
I. INTRODUCTION
Since confirming this phenomenon of neutrino oscillations in 1998 [1], we nearly complete the knowledge of this flavour-changing behaviour, which can be described by six oscillation parameters including three mixing angles θ 12 , θ 13 and θ 23 , two mass-square differences ∆m 2 21 and ∆m 2 31 , and one Dirac CP violating phase δ with solar, atmospheric, accelerator and reactor neutrino data [2] [3] [4] . The rest of problems in neutrino oscillations are if θ 23 is larger or smaller than 45 • , which the sign of ∆m 2 31 is, if CP is violated and what its value δ is. These problems are expected to be resolved in the next-generation neutrino oscillation experiments, e.g. DUNE, T2HK, JUNO, etc. The neutrino oscillation reflects the fact that neutrinos are massive, which conflicts with the masslessneutrino prediction in the standard model (SM). This phenomenon is obviously a key to the door of physics beyond SM (BSM), and reveals that SM is not a complete theory.
Far away in Antarctica, Precision IceCube Next Generation Upgrade (PINGU), an extension of the IceCube Neutrino Observatory, was proposed. In this proposal, the lower energy threshold and the 6-million-ton detector are sketched [5] . Goals of PINGU are to detect atmospheric neutrinos [6, 7] , supernova neutrinos [8] and the indirect signal of dark matter (by detecting the self annihilation of WIMP-like dark matter [9] ). Moreover, the configuration that PINGU receives neutrino beams from accelerators in the northern hemisphere inspired by CERN to Frejus and J-PARC to HyperKamiokande has been considered and discussed [10] .
As we believe that SM is not a complete theory, effects from some exotic interactions are widely discussed, for example, non-standard interactions (NSIs) [11] [12] [13] [14] , neutrino decays [15] [16] [17] , nonunitarity [18, 19] . NSIs are interactions evolving at least one neutrinos and other SM fermions by mediating BSM particles [20] . NSIs may take place in three different parts of neutrino oscillations: at the source, at the detector, and in matter (or NSI matter effects). We describe the size of NSIs by the parameter f f αβ , which is the fraction of the strength of coupling for the NSI to the Fermi constant (ν α + f → ν β + f ). For those taking place in matter, we use the notation αβ , as in these interactions f = f . In recent studies, the Large-Mixing-Angle dark solution (LMA-Dark solution) for NSIs allows that NSI matter effects have a strong impact on neutrino oscillations. This solution predicts ee −3 [12, 14] . One of upcoming long baseline accelerator neutrino experiments Deep Underground Neutrino Experiment (DUNE) [21, 22] is expected to have some sensitivity to NSIs in matter. Impacts of NSI matter effects on the precision measurement of oscillation parameters and the expected constraints on NSI parameters for DUNE are widely studied [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The current global fits can provide constraints at 95% C.L. on NSI parameters with COHERENT data [14] : Some possible theoretical models are also proposed to realize sizeable NSIs in matter [36] [37] [38] [39] .
NSIs in matter can be detected by accelerator neutrino oscillation experiments with non-negligible matter effects. In this paper, we study the planet-scale neutrino oscillations to measure the size of NSI matter effects, by revisiting the configuration of sending a neutrino beam from an accelerator facility in the northern hemisphere such as CERN to a detector in the south pole like PINGU. The CERN-PINGU configuration has a baseline of 11810 km. The difference of this configuration from observatories of atmospheric neutrinos is about neutrino fluxes, which come from a specific direction with the well-controlled timing structure in the CERN-PINGU configuration. As a result, smaller systematic errors and the higher ratio of signals over back-1 grounds are expected. This super long baseline has four advantages for αβ measurements as follows.
1. The neutrino energy (3 GeV -20 GeV) is higher than current and future neutrino oscillation experiments. Therefore, larger matter effects are expected, and the detection of ν τ andν τ is acheiveable.
2. As neutrinos propagate in a longer baseline, NSI matter effects are expected to be more important.
With the help of this 11810 km baseline, the value of NSI parameters can be measured with higher accuracy.
3. If neutrinos propagate through the core with a larger matter density, the effect of NSI in matter will be greater. As a result, the matter density, which can reach 11×10 3 kg/m 3 , makes this configuration special and promising for the measurement of αβ .
4.
It is necessary to mention that though the statistics is lower as the baseline is much longer, this drawback can be compensated by the million-ton detector as PINGU.
This paper is arranged as follows. We will firstly demonstrate the neutrino oscillation probability with NSI matter effects, before presenting the simulation details. In the following, we will show the constraints on αβ and constraint contours between any two of NSI parameters for the CERN-PINGU configuration. Moreover, we will discuss how this configuration can exclude the CP conserved scenario once the phase of αβ is non-zero (α = β). Finally, we will summarize our results, and provide our conclusion.
II. NEUTRINO OSCILLATION PHYSICS WITH NSIS
In this section, we briefly introduce how neutrino oscillation probabilities are modified by NSIs in matter. These new interactions are neutral-current-like interactions ν α + f → ν β + f , and can be described by the operator, [20, 40, 41] ,:
where G F is the Fermi constant. We note that the total size of NSI matter effects is the sum of those for NSIs with electrons, neutrons and protons: αβ ≡ e αβ + n αβ + p αβ . Neutrino oscillations are governed by coherent evolution of quantum states
Explicitly, the evolution of the neutrino flavor state is determined by the Hamiltonian:
where H vac is the Hamiltonian in vacuum. H mat corresponds to the matter, and is written by
where N e is the number density of electron. The constant term √ 2G F N e in the ee component refers to the standard matter effect [20] . It is obvious in Eqs.
(2) and (4) that one of the diagonal terms can be absorbed by an overall phase in neutrino states. Therefore, we define˜ ee ≡ ee − τ τ and˜ µµ ≡ µµ − τ τ without a loss of generality. [14] . All phases are set to be 0. Fig. 1 shows probabilities in each of channels in the case only including standard matter effects, and for those with a non-zero αβ , of which the value is used according to the 1σ bound of the current global fit result [14] . These probabilities are shown as functions of L/E [km/GeV] in the range of neutrino energy (3 GeV -20 GeV) with the baseline of 11810 km. We obtain that the behavior of probabilities for non-zero˜ µµ or | µτ | in some channels is very different from that without NSI matter effects.
is about 0.8 in the case with non-zero | µτ |, while it is around 0.2 for the standard case. We also see that the probability of theν µ disappearance channel approaches the maximum at L/E = 2500 [km/GeV] in the non-zero case of˜ µµ , while this probability is around zero in the framework of standard neutrino oscillations. The probabilities with possible values of φ αβ are shown in Fig. 2 . We vary each phase φ αβ from −180 • to 180 • , and fix the value of | αβ | at 0.05. Two probabilities P (ν µ → ν e ) and P (ν µ → ν µ ) are shown, because events in the other channels are less than these two. We find the variation of the probability is the most dramatic for φ µτ . What follows is that for φ eτ , while the smallest one is for φ eµ . We see the same result in the other channels.
III. SIMULATION DETAILS
We adopt General Long Baseline Experiment Simulator [42, 43] with the PINGU simulation package.
For the production, we assume µ decays driving the production of neutrinos:
We set the run time of 5 years for neutrino and antineutrino modes (total run time is 10 years) with 1×10 20 protons on target (POT) per year. The energy of protons is assumed 120 GeV and the power is 708 kW. To include NSI matter effects, we adopt the GLoBES extension package mentioned in Refs. [44] [45] [46] [47] . We adopt the PREM onion shell model of the earth for the matter density profile [48, 49] . The matter density can reach 11×10 3 kg/m 3 .
All oscillation channels are listed in Table I . We consider the intrinsic ν e andν e backgrounds in the beam and the atmospheric neutrino backgrounds. We note that Water Cherenkov neutrino detector cannot make a distinction between neutrinos and antineutrinos. Therefore, for the electron-flavor channels, we analyse the combination of ν e andν e spectra.
Std. Matter Effects
Vaccum Osc. The expected spectra are shown in Fig. 3 . We compare the case with standard matter effects to that in vacuum, for demonstrating the advantage of the CERN-PINGU configuration to collect matter effects through such a long baseline 11810 km. Assumed the normal mass ordering, events are much less in theν mode. We see that matter effects make great impacts on the spectra in the ν e appearance and ν µ andν µ disappearance channels for the Table II . These values are taken from current global-fit results [2, 14] . The normal mass ordering is assumed. We neglect NSIs at the source and detector, and marginalise over all parameters, including standard oscillation parameters, the matter density and eight parameters for NSIs in matter ( τ τ is subtracted by an overall phase of neutrino states) unless we showed them in the plot.
IV. RESULTS
In this section, our simulation results will be presented. In Sec. IV A, we will firstly show the expected constraints on αβ for the CERN-PINGU configuration. In the following section, we will discuss the sensitivity of CPV in NSIs. In more details, what will be studied further is how much the hypothesis φ αβ = 0 and π can be excluded by this configuration, once CP is violated because of nonzero of φ αβ .
A. Constraints on NSI parameters
The ∆χ 2 values against to each NSI parameter are shown in Fig. 4 . The size of the 1σ uncertainty for˜ ee is about 0.03. For the µµ component, the 1σ error is about −0.01 < µµ < 0.01. We find out a degeneracy around µµ = −0.035 with ∆χ 2 4. For the off-diagonal terms, bounds at 1σ C.L. are at | eµ | ∼ 0.03, | eτ | ∼ 0.04, and | µτ | ∼ 0.015, respectively. We reach the conclusion that constraints on˜ µµ and | µτ | are better than the others, which is consistent with what we saw in Fig. 1 . We re- Table II. view the 1σ uncertainties in the current global fit result, which are shown in Table II . We see the weak constraint at 1σ C.L. on the diagonal terms˜ ee and˜ µµ , whose sizes are almost O(1). As for the off-diagonal terms, we have better understandings in the global fit. The size of 1σ uncertainty is smaller than 0.1, especially the 1σ uncertainty for µτ is 0.0315. We find that the CERN-PINGU configuration can improve sensitivities of NSIs at 1σ C.L. by at least 50% of the current global fit result. As the uncertainty for ee is greatly improved, we have the interest on the exclusion ability of the LMA-dark solution. Though the result is not shown here, we have checked that the LMA-dark solution can be excluded by more than 5σ C.L., without any prior for θ 12 and ee .
In Fig. 5 , we show the allowed region at 68%, 90%, 95% confidence level (C.L.) on the projected plan spanned by two of NSI parameters. Though we do not see strong correlations in these results, a degeneracy for˜ µµ ∼ −0.35 can be seen for contours of 90% and 95% C.L. As mentioned in Ref. [23] , this degeneracy is caused with the mixing angle θ 23 , and can be removed by including T2HK data. Obviously, the degeneracy between˜ µµ − τ e and the one around˜ µµ = 0.5 for DUNE, are excluded.
In Fig. 6 , we present allowed regions on the plane spanned by the absolute value | αβ | and the phase φ αβ for off-diagonal elements eµ , eτ , and µτ at 68%, 90% and 95% C.L.. We see a strong correlation between the absolute value and the phase in these three panels. For the hypothesis with φ αβ near ±90 • , the bound on the absolute value | αβ | is the worst. This behavior also applies to all off-diagonal elements. αβ will be improved by more than an order of magnitude. Compared with sensitivities of NSIs at DUNE, our proposal will improve results by at least a factor of three. Of course, the phase of NSI parameters will play an important role here.
B. CP violations of NSI
We further discuss how the CERN-PINGU configuration can exclude the CP-conserved scenario where φ αβ is neither 0 nor 180 • . We study the CPV sensitivity, which Figure 6 . The allowed region on the plane spanned by the absolute value | αβ | and the phase φ αβ for off-diagonal elements eµ (left), eτ (middle), and µτ (right) at 68% (red), 90% (blue) and 95% (green) C.L.. All parameters are marginalized over except those shown in each panel.
where φ true αβ is the true value for φ αβ , and ∆χ 2 (φ αβ = 0) and ∆χ 2 (φ αβ = 180 • ) are the ∆χ 2 value for the hypothe-sis φ αβ = 0 and 180 • respectively. This definition is same as how we study the sensitivity of CP violation where δ CP is not 0 or 180 • . In Fig. 7 , we study the value of ∆χ 2 CP for three phases: φ eµ , φ eτ and φ µτ in the range between −180 • and 180 • . For ∆χ 2 CP (φ αβ ), we fix the absolute value of the other two off-diagonal terms at 0, as we focus on the CP violation by one specific φ αβ . Studying ∆χ 2 CP (φ αβ ) values, we set the true value of | αβ | to be 0.05 (solid) and 0.01 (dashed). We focus on the case with the absolute value fixed at 0.05. We see that the CPV sensitivity for φ µτ is the best. In about 81% of possible φ µτ this configuration can exclude the CP-conserved scenario with the significance better than 95% C.L.. ∆χ 2 CP (φ eτ ) is slightly better than ∆χ 2 CP (φ eµ ). For ∆χ 2 CP (φ eτ ) (∆χ 2 CP (φ eµ )) larger than the value for 95% C.L., it covers 75% (63%) of all possible phases. With the absolute value of 0.01, the sensitivity is worse, especially for φ eµ and φ eτ , of which ∆χ 2 CP is smaller than 3.5. For µτ , phases with the sensitivity larger than 90% C.L. cover about 75% of all possible phases. We note that the result shown in Fig. 7 is consistent with what we see in Fig. 2 . Our simulation result is based on the assumption that we focus on one specific off-diagonal element. Though not shown here, we find that once we also marginalize over absolute values and phases of the other off-diagonal terms, the sensitivity is much worse.
V. CONCLUSION
With the interest on the planet-scale neutrino oscillations, we have considered the configuration that neu-trinos are generated at CERN, and detected in the PINGU detector (CERN-PINGU), as an extended study of Ref. [10] . We have analyzed how such a configuration can measure the size of non-standard interactions (NSIs) in matter. Three advantages of this configuration are as follows: (1) the energy range 3 GeV-20 GeV enhancing effects of NSIs, (2) the 11810-km baseline cumulating these effects, and (3) the high matter density 11 × 10 3 kg/m 3 making the impact of NSIs on neutrino oscillations more significant.
We have adopted the GLoBES library with an extension package to simulate the CERN-PINGU configuration for the neutrino oscillation with NSI matter effects. We have studied the predicted uncertainty of NSI parameters αβ . We have found that this configuration mea-sures˜ µµ ≡ µµ − τ τ and | µτ | better than the others. Most of degeneracy problems for DUNE on αβ measurements are resolved, except the one around˜ µµ ∼ −0.035. We have investigated strong correlations between the absolute value and the phase for all off-diagonal terms, which can also be seen in the recent work with regards to NSI-parameter measurements for DUNE. As phases φ αβ play important roles, we have extended our study on the sensitivity of CP violation in NSIs. We have found that with the absolute value of 0.05 the sensitivity can be better than 95% C.L. in the CERN -PINGU configuration, which shows this configuration can be used to measure the CP violation caused by NSIs.
This study should not be limited at the CERN-PINGU configuration. Our conclusion on the improvement of αβ measurements could be applied for any experiments with the neutrino source or detector that satisfies three requirements: the proper energy range, a planet-scale baseline, and the high matter density. As PINGU is under consideration, we can put more focus on looking for possible sources, such as accelerator neutrinos produced by future proton drivers as super proton-proton collider (SPPC) [50] , and the point source of astrophysical neutrinos [51] . 
